Objective-Modified lipoproteins induce inflammatory reactions in the atherosclerotic arterial wall. We have previously found that macrophages in atherosclerotic lesions secrete lysosomal hydrolases that can modify low-density-lipoprotein (LDL) in vitro to generate "hydrolase-modified LDL" (H-LDL). Here, we studied whether H-LDL exerts inflammatory effects on cultured human macrophages. Methods and Results-Using cytokine cDNA arrays, we found that H-LDL induced expression of IL-8, but not of the anti-inflammatory cytokines IL-10 and transforming growth factor (TGF)-␤, in human monocyte-derived macrophages. H-LDL induced rapid phosphorylation of the p38 mitogen-activated protein kinase (MAPK), nuclear translocation of 2 transcription factors, nuclear factor B (NF-B) and activator protein 1 (AP-1), and time-dependent secretion of IL-8 from the macrophages. Inhibition of MAPKs and of transcription factors showed that p38 MAPK and NF-B, but not ERK1/2, JNK, or AP-1, were crucial for the H-LDL-induced IL-8 secretion from the macrophages. Conclusions-The results show that by activating p38 MAPK and NF-B, macrophage hydrolases modify LDL into biologically active particles capable of triggering the secretion of IL-8 in macrophages. Thus, activated hydrolasesecreting macrophages in atherosclerotic lesions may sustain a proatherogenic extracellular environment by hydrolyzing LDL and triggering it to act in an autocrine or paracrine fashion to induce IL-8 secretion by the plaque macrophages.
A therogenesis is characterized by migration of monocytes into the arterial intima and their transformation into macrophage-derived foam cells. IL-8, a chemotactic cytokine, has been recently shown to induce firm adhesion of monocytes to endothelial cells under flow conditions in vitro 1 to be present in human atherosclerotic lesions 2 and to have a causal role in the development of experimental atherosclerosis. 3 Although low-density lipoprotein (LDL) modifications are thought to be a prerequisite for atherosclerosis, the actual types of modifications that drive atherogenesis in the human arterial intima are currently not known. LDL particles undergo oxidative modification to some extent in arterial wall, 4 and oxidized LDL induces expression of IL-8 in monocytes 5 and macrophages 2 in vitro. In addition, there is evidence for enzymatic modification of LDL in the arterial intima, 6 leading to the generation of morphologically modified unesterified cholesterol-rich particles with proinflammatory properties, such as secretion of IL-8 from endothelial cells. 7 Isolated LDL particles treated with trypsin and cholesteryl esterase, ie, enzymatically-modified LDL (E-LDL) have served as an in vitro model for this type of modification. Stimulated by these findings, we recently hypothesized that lysosomal proteases and lipases derived from arterial cells would modify LDL in atherosclerotic lesions. We have provided support for this hypothesis by showing the presence of cathepsin D and lysosomal acid lipase extracellularly in human atherosclerotic lesions. 8 Moreover, in the presence of inflammatory stimuli, cultured macrophages can release hydrolases that generate morphologically modified LDL, hydrolase-modified LDL (H-LDL), capable of generating foam cells from macrophages and smooth muscle cells, when added to these cells in vitro. 8 In this study we elucidated the effects of H-LDL on the expression of IL-8 in cultured human macrophages and also partially characterized the intracellular signaling induced by H-LDL in macrophages. We found that H-LDL triggered expression of IL-8 in macrophages, and that the secretion of IL-8 involved activation of the p38 mitogen-activated protein kinase (MAPK) and nuclear factor B (NF-B).
Preparation of H-LDL
H-LDL was prepared as described. 8 Briefly, LDL was incubated for 18 hours with macrophage-preconditioned medium, ie, the medium in which the opsonized zymosan-treated macrophages had been incubated for 24 hours. After the incubation, modified LDL was purified by ultracentrifugation and incubated for 30 minutes with 10 g/mL of polymyxin (Sigma) at 37°C to remove endotoxins. The endotoxin content of 50 g/mL of H-LDL, which was the concentration of H-LDL to which macrophages were exposed, was measured by the Limulus Amebocyte Lysate kit (Cambrex) and was found to be 0.47Ϯ0.19 EU/mL, ie, below the concentration of 1.3Ϯ0.2 EU/mL (or 100 pg/mL of lipopolysaccharide [LPS] ), which we found to be without any detectable effect on the secretion of IL-8 from macrophages. The amount of H-LDL is expressed in terms of its total cholesterol content, which was determined by the CHOD-PAP-kit (Roche); 50 g total cholesterol/mL of H-LDL equals to 25 g protein/mL.
Cell Culture
Human monocytes were isolated and differentiated into macrophages as described. 8 Before the experiments, growth of the macrophages was arrested by incubating them for 3 to 18 hours in the absence of growth factors.
Analysis of the Cytokine Expression and Secretion in Cultured Vascular Cells
The cells were incubated with H-LDL (50 g total cholesterol/mL) for the times indicated and total RNA was extracted with Qiagen Mini Kit, and stored at Ϫ70°C, if not used immediately. Expression of 96 common human cytokine genes in cultured cells was screened with the Human Common Cytokine Gene Array (Superarray) kit according to the manufacturer's instructions. For reversetranscription polymerase chain reaction (RT-PCR), 1 g of total RNA was reverse-transcribed to cDNA using Superscript preamplification system, random primers, and MMLV Reverse Transcriptase (Invitrogen). The primers for amplification of IL-8 by PCR were as follows: IL-8: 5Ј-ATGACTTCCAAGCTGGCCGTGGC-3Ј (S), 5Ј-CTCAGCCCTCTTCAAAAACTTCTCC-3Ј (AS); glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 5Ј-ACCACAGTCCATGCCAT-CAC-3Ј (s), 5Ј-TCCACCACCCTGTTGCTGTA-3Ј (AS). The products were analyzed in agarose gel (1.4%) containing ethidium bromide and the bands were quantified by the Gel Doc 2000 gel documentation system. The amount of IL-8 in the conditioned media was determined by commercial enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems).
Analysis of the MAPKs
Macrophages were preincubated with inhibitors of the MAPKs, ie, against p38 (SB203580, 10 mol/L), extracellular-signal regulated kinases 1 and 2 (ERK1/2) (PD98059, 30 mol/L), and c-Jun-Nterminal kinase (JNK) (JNK inhibitor II, 5 mol/L). H-LDL was then added and incubations continued for 6 hours at 37°C. After the incubation, secretion of IL-8 into the cell culture media was determined by ELISA. H-LDL and inhibitors were not cytotoxic toward the cells as measured by the release of lactate dehydrogenase from the cells with Cytotoxicity Detection Kit (Roche). For Western blots of p38, macrophages were stimulated for the indicated times with H-LDL, and cellular proteins (50 g) were run on 15% SDS-PAGE. The proteins were transferred into polyvinylidene fluoride (PVDF) membranes at 4°C, and the bands were detected either by rabbit polyclonal anti-phospho-p38 (#9211, 1:1000; Cell Signaling Technology) or antibody against p38 protein (#9212, 1:1000; Cell Signaling Technology), and with horseradish peroxidase-conjugated secondary antibody (#7074, 1:2000; Cell Signaling Technology). The immunoblot signals were visualized with enhanced chemiluminescence kit (GE Healthcare).
Analysis of the Transcription Factors
Nuclear proteins from H-LDL-stimulated and control macrophages were extracted as described previously. 9 Electrophoretic mobility shift assay was then performed as described previously. 10 Briefly, nuclear protein extracts (4 to 10 g) were incubated for 60 minutes with a [␥-
32 P]ATP-labeled specific DNA probe (50 000 dpm) and run on 4% nondenaturing PAGE gel. In some experiments, unlabeled competitor probes were added 10 minutes before the labeled probes. The gel was then dried and the bands were visualized by autoradiography. In supershift assays, 2 g of affinity-purified polyclonal antibodies were added after the binding reactions and incubation was continued for 1 hour at RT.
Macrophages were preincubated with inhibitors of NF-B, ie, CAPE (15 g/mL) and sulfasalazine (2 mmol/L), or with an inhibitor of AP-1 (curcumin, 10 mol/L). H-LDL was then added and incubations continued for 6 hours at 37°C. After the incubation, media were centrifuged at 4°C for 5 minutes at 400g, and IL-8 in the media was determined by ELISA.
Other Assays
The degree of oxidation of H-LDL was determined by measuring the amounts of thiobarbituric acid-reactive substances (TBARS). 11 The protein concentration of the SDS-PAGE samples was determined with RC DC Protein Assay Kit (Bio Rad).
Statistical Analysis
The data shown in all the figures are expressed as means of the indicated numbers of experiments ϮSEM. The Student t test was used for evaluation of the significance of difference between experimental groups and PϽ0.05 were considered statistically significant and probability values under 0.01 highly significant.
Results
First, the expression of inflammatory cytokine genes in H-LDL-treated human monocyte-derived macrophages was screened with a cDNA array (Figure 1 ). For the experiments, H-LDL was first prepared by incubating LDL with conditioned media from opsonized zymosan-treated macrophages, resulting in hydrolysis of LDL apoB-100 and lipids, as described previously. 8 Butylated hydroxytoluene and EDTA were always included in the reaction mixtures, and no generation of TBARS was found in the H-LDL preparations (data not shown). The cells were then incubated with or without H-LDL, and the expression of different cytokine genes was analyzed using cDNA transcribed from isolated total RNA. Incubation of macrophages for 3 hours with H-LDL induced an upregulation of the mRNA expression of IL-8 in these cells ( Figure 1A and 1B) . After 24 hours, the expression of IL-8 mRNA returned back to basal levels ( Figure 1C ). H-LDL failed to induce upregulation of the tumor necrosis factor-␣ (TNF-␣), a pleiotropic proinflammatory cytokine that is upregulated by oxidized LDL. 12 The increased expression of IL-8 in H-LDL-treated macrophages was confirmed by RT-PCR, and was found to be timedependent ( Figure 1D) .
Next, secretion of IL-8 from the H-LDL-stimulated cells into the culture medium was analyzed as a function of time. We found that H-LDL (50 g cholesterol/mL) strongly induced (by 30-fold) the secretion of IL-8 from macrophages when compared with untreated cells (Figure 2A ). Native (untreated) LDL (25 g protein/mL that equals to 50 g of total cholesterol/mL) was used as an additional control and did not induce secretion of IL-8 from macrophages during the 24-hour incubation time ( Figure 2B ). H-LDL was also compared with other inflammatory agents, such as LPS and IL-1␤, and was found to be as potent inducer of IL-8 secretion from macrophages as these traditional activators of cytokine secretion (data not shown). Surprisingly, although both the cDNA array and the RT-PCR showed upregulation of IL-1␤ in the H-LDL-treated cells, secretion of IL-1␤ protein was barely detectable in the cell culture media, suggesting that secretion of IL-1␤ was abolished by posttranscriptional regulation (data not shown). 13 To study the signaling pathways of H-LDL-induced IL-8 secretion in the cultured macrophages in more detail, specific inhibitors of the three main MAPKs, ie, p38, extracellular signal regulated kinase (ERK) 1/2, and JNK were included in the incubations, as described in the Methods. The inhibitor of p38 (SB203580) was found to strongly inhibit the release of IL-8, whereas the inhibitors of ERK 1/2 (PD 98059) and of JNK (JNKi II) did not have significant effects on the secretion of IL-8 from the H-LDL-treated macrophages ( Figure 3A) , suggesting that secretion of IL-8 involves activation of p38 MAPK. By Western blot analysis, we found that H-LDL rapidly induced phosphorylation of p38 MAPK in macrophages, ie, after only of 5 minutes of incubation ( Figure 3B ).
Because the promoter area of IL-8 contains binding sites for NF-B and activator protein 1 (AP-1) transcription factors, 14 and nuclear translocation of NF-B and AP-1 is needed for IL-8 secretion by cultured human monocytes, 15 activation of NF-B and AP-1 was analyzed in H-LDLtreated macrophages. As shown in Figure 4 , H-LDL did induce nuclear translocation of the transcription factors NF-B and AP-1, the former being translocated after 120 minutes and the latter after 60 minutes of incubation. In addition, a supershift assays revealed that the NF-B heterodimer contained p65 (Rel A) and p50, whereas AP-1 consisted of c-Jun, JunB, and JunD (data not shown). To further study the role of NF-B and AP-1 in the release of IL-8, macrophages were treated in the presence of inhibitors of these transcription factors. Caffeic acid phenylethyl ester (CAPE) and sulfasalazine, both capable of inhibiting NF-B, were found to almost totally block the secretion of IL-8, whereas curcumin, an inhibitor of JNK and AP-1, did not have any significant effect on the secretion of IL-8 ( Figure 5 ). The inability of JNKi II ( Figure 3 ) and curcumin to inhibit H-LDL-induced IL-8 release suggests that JNK and AP-1 do not play significant roles in the release of IL-8 from H-LDLtreated macrophages. As additional controls, macrophages were incubated for 6 hours with H-LDL in the presence of SB203580 (an inhibitor of p38) and CAPE (an inhibitor of NF-B), and uptake of H-LDL was analyzed by thin layer chromatography. We found that neither of these inhibitors decreased loading of macrophages with cholesteryl esters, suggesting that they inhibited secretion of IL-8 during the first 6 hours of incubation by inhibiting H-LDL-mediated signaling rather than uptake of H-LDL (data not shown). Taken together, although AP-1 may play a role in the regulation of IL-8 transcription in macrophages, NF-B appears to be more important in the expression and release of IL-8 from H-LDL-treated macrophages.
Discussion
Our present results show that H-LDL, a modified LDL generated by hydrolases secreted by activated macrophages, 8 induces expression of proinflammatory cytokines, eg, IL-8, A, Human monocyte-derived macrophages were incubated for the indicated times with 50 g/mL of H-LDL. After incubation, the cell culture media were analyzed for IL-8 with commercial ELISA kit. B, As an additional control, macrophages were incubated without or with H-LDL (50 g cholesterol/mL) and native LDL (25 g protein/mL) for 6 hours, and secretion of IL-8 into cell culture media were analyzed by ELISA. Data shown are means of at least 3 independent experiments ϮSEM.
but not of anti-inflammatory cytokines, such as IL-10 and TGF-␤1. Interestingly, IL-8 expression and secretion appears to be one of the most prominent responses of macrophages, when activated by modified LDL(s). 2 IL-8 is a proatherosclerotic cytokine that has been shown to trigger firm adhesion of monocytes to the endothelial cells in vitro, 1 to modulate the extent of lesions in the arterial wall of genetically manipulated animals, 3 and to be expressed in the atherosclerotic lesions of human coronary arteries. 2 Comparison of the cellular effects of H-LDL with those of other LDL modifications shows both similarities and differences in the secretion pattern of cytokines and in the activation of signaling pathways. Oxidized LDL (oxLDL), the most studied modification of LDL, has been shown to induce secretion of not only IL-8, 2,5,16 but also IL-1␤, 17 and TNF-␣ 18 from monocyte-macrophages. Interestingly, E-LDL, an LDL modification that resembles H-LDL, has been shown to induce the expression of IL-1␤ mRNA without secretion of the mature protein in macrophages. 19 Similarly, H-LDL induced substantial expression of IL-1␤ mRNA in macrophages, but the mature translational product was barely detectable in the cell culture media after 24 hours of incubation, suggesting that IL-1␤ was subjected to posttranscriptional regulation. However, in sharp contrast to E-LDL that has been shown to induce secretion of IL-8 by endothelial cells, 7 but not by macrophages, 19 H-LDL induced substantial secretion of IL-8 by human monocyte-derived macrophages. Interestingly, even native LDL has been shown to induce secretion of IL-8 by smooth muscle cells. 20 However, we (this study) and others 2 have found that native LDL does not induce secretion of IL-8 by macrophages revealing that LDL needs to be modified to act as pathophysiological triggers of macrophage activation.
The mitogen-activated protein kinase (MAPK) p38 and the transcription factor NF-B play essential roles in the regulation of inflammatory reactions. They also have an important role in the control of IL-8 synthesis 21 and become activated by several external stimuli, such as cytokines and modified LDLs. OxLDL 22 and isoprostane, 23 a lipid peroxidation product present in oxLDL, both have been shown to activate both p38 and ERK1/2 MAPKs in macrophages. On activation by isoprostane, the expression of IL-8 in macrophages was induced by a mechanism that did not involve NF-B. 23 Rather, the secretion of IL-8 from H-LDL-stimulated macrophages depended on the activation of both NF-B and p38 MAPK, but not of AP-1 transcription factor or ERK and JNK MAPKs. Analysis of nuclear translocation of transcription factors by electrophoretic mobility shift assay revealed that in addition to NF-B, the amount of AP-1 also increased in the nucleus of H-LDL-treated macrophages. However, neither inhibition of JNK nor AP-1 did have an effect on IL-8 release, suggesting that although activated, JNK/AP-1 signaling pathway is not essential for expression of IL-8 in the H-LDLtreated macrophages. It has been suggested that maximal synthesis and secretion of IL-8 (Ͼ100-fold) needs a coordinate action of at least 3 different signal transduction pathways which cooperate to induce mRNA synthesis and suppress mRNA degradation. 24 Accordingly, by activating 2 signaling pathways, ie, transcription of IL-8 through NF-B and stabilization of IL-8 mRNA by p38 MAPK, 21 H-LDL induced a less dramatic (30-fold, rather than Ͼ100-fold) increase in the secretion of IL-8 in macrophages.
As described, oxLDL and H-LDL induce activation of different signaling pathways. In addition, H-LDL was generated in the presence of EDTA and butylated hydroxytoluene and was not significantly oxidized. These findings strongly argue against the possibility that the effects of H-LDL on macrophages were caused by oxidation of H-LDL lipids. In addition, the major phospholipids of LDL, ie, phosphatidylcholine and sphingomyelin, are not degraded in H-LDL, 8 suggesting that secretion of IL-8 by macrophages was not induced by lysophospholipids in H-LDL. Rather, the biolog- ically active components that have been generated by lysosomal acid lipase, ie, unesterified cholesterol and free fatty acids are likely responsible for the inflammatory activity of H-LDL. We have previously found that hydrolysis of cholesterol esters by lysosomal acid lipase generates unesterified cholesterol in H-LDL, and that when added to cultured macrophages, H-LDL leads to an increased content of unesterified cholesterol in them. 8 In fact, intracellular content of unesterified cholesterol has been shown to control the secretion of IL-8 2 and to activate both p38 and NF-B in macrophages. 25 Moreover, cholesterol has been shown to be the main component of lipoproteins to activate p38 MAPK 26 and to induce secretion of IL-8. 27 H-LDL is also enriched with free fatty acids that have previously been shown to be critical in expression of IL-8 7, 28 and activation of the p38 MAPK 29 and NF-B 28 in endothelial cells. The effects of free fatty acids are likely to be mediated by PPAR␣, which is abundantly expressed in endothelial cells and drives the expression of IL-8 in these cells. 30 However, in contrast to endothelial cells, macrophages strongly express PPAR␥ rather than PPAR␣, 30, 31 and the ligands of PPAR␥ have been shown to induce expression of IL-8 in human macrophages. 32 Yet involvement of PPAR␥ in the H-LDL-induced cytokine secretion appears unlikely, because H-LDL effectively activated both NF-B and AP-1 whereas PPAR␥ downregulates NF-B and AP-1 activation and the transcription of proinflammatory cytokines. 33 Thus, the actual mechanism for activation of IL-8 release from H-LDL-treated macrophages remains to be elucidated.
The group of Bhakdi has in recent years mimicked arterial LDL modification by enzymatic modification of LDL in vitro by a protease (trypsin) and cholesterol esterase, and provided evidence for the presence of E-LDL in the arterial wall with the aid of monoclonal antibodies. 6, 34 Inspired by their work, we have hypothesized that enzymatic modification of LDL could take place in atherosclerotic lesions by the action of lysosomal hydrolases secreted mainly by macrophages, and have found some immunohistochemical evidence that supports this hypothesis. 8 Here, we used a human cell culture model (immunologically stimulated human macrophages) in which the whole repertoire of lysosomal hydrolases secreted by the macrophages are able to modify LDL. Using this model, we have been able to generate an in vitro modified LDL that resembles arterial LDL in many respects, including morphology, 8 ability to generate foam cells from macrophages and smooth muscle cell, 8 and the ability to induce secretion of proinflammatory cytokines (this study). Further studies are required to reveal the actual role of the hydrolytic modifications of LDL in the process of atherosclerosis. However, our present findings suggest that in humans with established atherosclerosis, protection of macrophages from activation would be a plausible target of treatment to prevent the vicious circle consisting of: (1) local secretion of lysosomal hydrolases; (2) subsequent modification of LDL by the hydrolases; and (3) local autocrine-paracrine stimulation of inflammation mediated by the action of the hydrolasemodified LDL. 35 
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